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1.0  INTRODUCTION 


1 . 1  Objectives 

Shipboard  vibration  has  been  a  major  problem  for  shipbuilders 
and  operators.  Vibratory  stresses  adversely  affect  ship  structures 
and  equipment,  reduce  fatigue  life  of  a  ship,  and  impair  crew 
operations.  At  this  time  there  are  no  generally  accepted  limiting 
standards  or  corresponding  design  procedures  for  assessing  hull 
vibration,  due  in  pa'-t  to  the  lack  of  understanding  of  the  rela¬ 
tionship  between  shif  preportions  and  hull  vibration.  Accordingly, 
the  objective  of  this  study  i®  to  determine  the  effects  of  ship 
nroport iens  on  hull  flexibility  and  to  establish  suitable  criteria 
for  hull-vibration  limits,  such  as  a  limit  to  the  hull  flexibility. 

1 . 2  Summary  of  Findings 

The  methodology  adopted  for  this  study  is  based  on  two  assump¬ 
tions.  First,  it  is  generally  believed  that  the  existing  methods 
for  determining  the  seaway  loads  are  adequate.  Secondly,  it  is 
believed  that  ships  with  more  flexibility  are  inferior  to  stiffer 
ships  with  respect  to  hull  vibration.  These  two  assumptions  are 
generally  accepted  and  are  based  on  reliable  information.  For 
example,  in  1970,  Salvesen.  Tuck  and  Faltinsen  published  their 
paper  on  sea  IoadsH),  wherein  the  comparison  between  the  analyti¬ 
cal  and  experimental  results  are  generally  quite  good. 

Theoretically,  for  the  same  sea  loads,  more  flexible  ships 
are  generally  subjected  to  higher  stress.  For  this  reason,  a  more 
flexible  ship  is,  indeed,  inferior  to  a  stiffer  ship.  Hovever, 
study  results  reported  herein  differ  considerably  from  these  two 
assumptions.  First,  many  shortcomings  have  been  found  in  the 
existing  methods  of  analysis  and  the  corresponding  errors  indicate 
existing  methodology  may  be  inadequate  for  some  problems.  Secondly, 
results  indicate  the  flexibility  of  the  ship's  hull  is  not 
necessarily  an  undesirable  property.  A  more  flexible  ship  can 
ac-ually  be  safer  than  a  stiffer  ship.  For  these  reasons,  a  limit 
to  flexibility  has  not  been  established.  From  the  results  obtained 
in  this  study,  the  investigators  tend  to  believe  that  there  exists 
an  optimal  flexibility  for  every  ship,  but  there  is  not  necessarily 
a  limit  to  the  flexibility.  This  conclusion  will  be  discussed  in 
detail  in  the  following  sections  of  this  report. 

The  primary  study  objective  of  determining  the  effects  of 
variations  of  ship  proportions  on  hull  flexibility  and  vibratory 
responses  for  four  ship  types,  have  been  achieved.  The  ship 
proportions  are  defined  by  two  nondimens iona 1  parameters:  The 
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length-beam  ratio,  L/B  and  LJ/BIT.  The  effects  of  the  depth, 
are  included  In  the  moment  of  inertia,  I.  The  effects  of  the 
beam-draft  ratio,  B/T,  were  found  to  be  negligible. 


D. 


The  flexibility  of  the  ship's  hull  is  represented  in  this 
report  by  the  natural  frequency  of  the  ship  associated  with  the 
two-node  mode  shape.  An  important  and  useful  relation  between  the 
flexibility  and  bending  moment  has  been  established  in  Figure  1. 


Because  of  the  shortcomings  of  the  existing  methods  of  ana¬ 
lysis,  the  qualitative  values  of  these  curves  are  more  important 
than  the  quantitative  values.  Until  these  quantitative  values 
are  confirmed  by  more  reliable  input  data  and  study  methodology, 
the  results  presented  are  considered  tentative. 


In  addition  to  studying  the  effects  of  the  ship  proportions, 
the  study  also  achieved  a  broader  goal  of  better  understanding  of 
the  responses  of  ships  in  a  seaway.  It  is  clear  that  a  more  ac¬ 
curate  method  for  ship -vibrat ion  analysis  is  required  and  can  be 
developed  within  the  state-of-the-art  of  the  current  theories  of 
hydrodynamics  and  structural  mechanics.  For  this  reason  a  re¬ 
view  of  the  existing  theories  and  recommendations  for  new  methodo¬ 
logies  are  included  in  this  report. 

During  the  course  of  the  study,  the  effect  of  ship  speed  on 
damping  was  a  subject  of  major  concern  and  corresponding  investi¬ 
gation  A  tentative  analysis  indicates  that  forward  speed  has 
effects  on  hydrodynamic  damping  and  forces  as  well  as  hull  flexi¬ 
bility. 


FIGU«I  1  -  EFFECT  OF  HUIL  FLEXIBILITY  ON  THE  VERTICAL  BENDING  MOMENT 
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2.0  THE  STATE-OF-THE-ART  OF  SHIP-VIBRATION  ANALYSIS 


The  excitation  force  of  waves  on  the  ship  hull  is  determined 
by  use  of  seakeeping  theories  in  which  rigid  hulls  are  assumed, 
as  in  References  1,  2,  and  3.  In  spite  of  the  considerable  effort 
spent  in  the  last  decade  to  improve  the  seakeeping  theories,  the 
results  obtained  with  the  various  improved  methods  still  differ 
somewhat  from  test  results  of  rigid  models.  Tables  I,  II,  III,  and 
IV  from  Reference  4  indicate  the  error  of  the  various  methods. 

2 . 1  Ship  Vihrat ion  -  A  Hydroelastic  Problem 

All  ship  hulls  l re  flexible  to  some  degree.  Loads  on 
flexible  hulls  differ  from  loads  on  rigid  hulls.  Theoretically, 
completely  flexible  ship  hulls  will  behave  differently  than  rigid 
hulls  and  will  respond  directly  to  the  wave  surface  configuration. 
In  practice  there  are  no  completely  rigid  or  flexible  ships. 

Between  these  two  extremes,  the  accuracy  of  the  rigid-hull  sea¬ 
keeping  theory  decreases  with  the  increase  in  hull  flexibility. 

In  recent  years, ships  have  been  built  with  increased  hull 
flexibility  and  it  i s,  therefore, necessary  to  improve  the  rigid 
hull  seakeeping  theory.  The  ship  hull  is  an  elastic  body  and 
the  seaway  response  problem  and  the  ship  vibration  problem  are  a 
single  hydroelastic  problem. 

The  shortcomings  of  existing  methods  for  ship- vibration 
analysis  were  recognized  by  Kline,  Reference  5,  wherein  he  con¬ 
sidered  the  most  urgent  problem  to  be  the  accurate  determination 
of  damping  and  the  development  of  a  hydroelasric  solution  for 
ship  vibration.  Some  hvdroelastic  effects  were  considered  in  the 
method  developed  by  Goodman,  Reference  6.  His  method  is  based  on 
the  assumption  of  zero  pitch  and  heave  Although  it  is  true  that 
heave  and  pitch  of  a  rigid  ship  among  regular  waves  of  short  wave 
length  with  respect  to  the  hull  length  are  quite  small,  these 
ship  motions  may  still  be  important  since  the  ship  is  not  per¬ 
fectly  rigid. 

It  is  understood  that  classification  societies  are  generally 
using  the  rigid-body  approach  in  the  calculation  of  the  hydrody¬ 
namic  loads.  For  example,  current  practice  at  ABS ,  Reference  8, 
is  *o  use  the  rigid-body  approach  in  the  calculation  of  the  hydro¬ 
dynamic  loads,  and  to  take  into  consideration  the  hull  flexibility 
in  the  vibration  analysis.  This  approach  is  not  a  true  "hydro¬ 
elastic"  formulation  of  the  problem,  since  the  coupling  effect  is 
neglected . 


The  effects  of  forward  speed  have  been  recognized  by  Hoffman, 
Reference  7.  to  be  quite  important  in  his  investigation  with  model 
experiments.  The  subject  is  discussed  later  in  a  separate  section 
of  this  report.  It  is  interesting  to  note  here  the  sizeable 
discrepancies  between  Goodman’s  theoretical  results  and  the  ex¬ 
perimental  results.  Hoffman  was  able  to  explain  some  of  the  dis¬ 
crepancies.  From  the  equations  of  motion  given  in  the  following 
section,  it  can  be  shown  that  Goodman  neglected  some  important 
terms,  which  may  explain  the  discrepancies. 

2 . 2  Problem  Areas  in  Existing  Seaway  Response  Analysis 

In  comparison  with  results  from  rigid-model  experiments  the 
rigid-ship  seakeeping  method  is  not  entirely  accurate.  The  errors 
shown  in  Tables  1—4  are  in  addition  to  the  errors  due  to  the 
flexibility  of  the  ship  hull  and  the  sum  of  the  errors  may  be 
significant . 

Despite  great  progress  in  the  prediction  of  the  seaway  loads 
of  rigid-ship  hulls  in  recent  years,  two  sources  of  error  remain 
to  be  corrected.  First,  strip  theories  are,  in  general,  valid 
only  for  the  mid-body  of  the  ship  hull.  The  theory  is  not  valid 
for  the  hull  ends  and  errors  tend  to  increase  toward  the  ends. 

Since  the  effect  of  the  forward  speed  is  proportional  to  the 
changes  of  hydrodynamic  coefficients,  with  great  changes  toward 
the  ends,  the  accumulated  errors  can  be  significant.  In  recent 
years,  efforts  have  been  made  to  improve  the  accuracy  of  the  added 
mass  and  damping  coefficients.  A  promising  approach  is  the  use 
of  f inite -element  methods  wherein  all  types  of  hull  cross-sections 
can  be  considered. 

The  effects  of  forward  speed  are  another  unsettled  area. 
Salvesen,  Reference  1,  has  indicated  that  the  forward- speed  terms 
in  the  equations  of  motion  developed  by  various  investigators 
differ  greatly.  From  a  brief  review  of  the  various  versions  of 
the  forward-speed  effects,  Salvesen’ s  version  appears  to  be 
acceptable.  However,  additional  studies  and  comparisons  should 
be  made  to  identify  the  importance  of  various  terms  in  the  analysis 
of  forward-speed  effects. 


TABLE  I 

Approxinvete  Measures  of  Correlation  Between 
Theory  and  Experiment  for  Head  Seas 
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TABLE  2 
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table  3 


Appronimate  Measures  of  Correlation  Between 
Theory  and  Experiment  for  Bow  Seat  (Headings  120  to  ($0  ) 
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TABLE  4 


Appro* Imoie  Weaturet  of  Correlation  Between 
Theory  end  experiment  for  Quartering  Seat  (Heading*  JO  to  60  ) 
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3.0  A  HYDROELASTIC  FORMULATION  OF 
THE  SHIP-VIBRATION  PROBLEM 


3.1  Existing  Methods 


The  existing  ship -vibrat ion  methods  can  be  explained  most 
conveniently  by  the  equations  of  motion  used  by  various  in¬ 
vestigators  : 


3.1.1  The  fourth- order  equation: 


EIw""  +  +  kw  -  (vjfc  +  Io)  ii”  +  Cw  +  Jg'W  -  F(x.t)  (1) 

where  w  is  the  deflection 

kw  is  the  restoring  force 
C  is  the  total  damping  coefficient 
u  is  the  ship  mass  plus  added  mass 
F(x.t)  is  the  vertical  excitation  force  per  unit  length 
A  is  the  shear  area  of  the  ship  section 
I  is  the  moment  of  inertia  of  the  ship  section 
IQ  is  the  mass  moment  of  inertia  of  the  ship  section 


<w 
•x 

X 

ax' 

This  equation,  with  slight  variations,  has  been  used  by 
many  investigators,  including  Noonan^l®' .  Kline(^),  McGoldrick 
and  others. 

3.1.2  The  second-order  equations,  obtained  from  Reference  8 


[EI;XS  ’  ]  *  -  Imv*s  -  C,xs  +  K,A,G(x,’- xi)  -  0 
uJi,  +  C»x j  +  k,x,  +  [EIjXj’  ]"  -  [Imy*s  ♦  C j*,]' 


(2) 

F  j (x, t) 
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where 

Fj(x,t)  is  the  vertical  excitation  force 

I  is  the  mass  rotarv  moment  of  inert ia/ length 
my  ' 

k,X)  is  the  restoring  force 
K,A,  is  the  vertical  shear  area 
I i  is  the  moment  of  inertia 
u  is  the  ship  mass  plus  added  mass 
x,  is  the  vertical  deflection 

x5  is  the  rotation,  x«,  -  - 

3x 

Cs,  Cj  are  the  total  damping  coefficients  associated  with 
the  longitudinal  rotation  and  vertical  motion  of 
the  ship  section,  respectively. 


Note  that  in  the  above  two  equations  the  load  on  the  ship 
hull  is  not  a  function  of  the  deflection  of  the  hull.  The  hydro- 
dynamic  forces  are  partially  included  in  the  terms  associated 
with  the  added  mass  and  the  hydrodvnamic  damping  coefficients. 
Most  of  the  hydrodynamic  forces  due  to  the  forward-speed  effects 
have  been  ignored. 


3.1.3  The  first-order  equations  -  The  following  equations  were 


used  in  this 


where 


e  +  ex 

M 

rr 

v  +  po  +  i  e  +  c  & 


m  w  +  C  w  +  F(w.c.x.t) 
s  s 


(3) 


w.O.M.V  are  the  deflection,  slope,  bending  moment,  and 
shear  responses  of  the  hull,  respectively 

P  is  the  axial  force 

1  is  the  mass  rotary  moment  of  inert ia/ length 

C  and  C  are  the  damping  coefficients  per  unit  length 

s  associated  with  the  rotation  and  vertical  motions 
of  the  ship  section 

mg  is  the  ship  mass/length 

A  is  the  shear  area 

F(w,t.x,t)  is  the  vertical  excitation  force 
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Noce  in  the  above  equation  that  the  load  on  the  ship  hull 
is  a  function  of  the  hull  deflection.  The  differences  between 
equation  (3)  and  equations  (1)  and  (2)  are  explained  further  in 
the  following  paragraphs. 


3 . 2  Comparison  Among  the  Existing  Methods 

For  simple  beams.  Equations  (1),  (2),  and  (3)  can  be  re¬ 
written  as  similar  fourth-order  equations  in  the  following  manner: 

E Iw ""  +  Cw  +  gw  +  kw  -  F(x , t )  (4) 

EIx  i  ""  +  Cx,  +  iiX,  +  k,x,  -  F  >  (x  .  t)  (5) 

EIw,,M  +  Csw  +  mstt  -  F(w.C.x.t)  (6) 

In  the  above  equations  shear  deflection  and  rotary  inertia 
have  been  neglected  for  comparative  purposes.  Note  that  ms  is 
the  mass  of  the  ship  only,  while  u  is  the  mass  of  the  ship" and 
the  added  mass.  Similarly  C8  is  the  internal  ship  damping,  and 
C  is  the  internal  ship  damping  plus  the  hydrodynamic  damping. 


Equations  (4)  and  (5)  have  been  generally  accepted  by  naval 
architects.  These  equations  account  for  the  effect  of  the  sur¬ 
rounding  water  on  the  added  mass  and  hydrodynamic  damping  in 
addition  tc  the  structural  damping.  This  concept  is  not  entirely 
correct.  In  Equation  (6),  the  terms  to  the  left  of  the  equal 
sign  do  not  include  any  consideration  of  surrounding  water.  This 
implies  that  the  ship  is  moving  as  an  elastic  body  and  is  excited 
by  the  surrounding  water,  and  that  the  excitation  force  is  a 
function  of  the  waves  and  the  deflection  of  the  ship.  Physically 
this  concept  is  more  realistic.  Mathematically*  it  should  lead  to 
a  more  reliable  solution  of  the  ship  vibration  and  ship  motion 
problems.  This  is  explained  further  in  the  following  section. 

3.2.1  Wave -F.xc  i  tat  ion  Forces  -  Wave-excitation  forces  are  still 
an  unsettled  subject  among  seakeeping  investigators  and  various 
formulations  are  currently  in  use  (see  Reference  1).  A  full  dis¬ 
cussion  of  the  relative  merits  of  these  versions  is  beyond  the 
scope  of  this  study. 


From  basic  fluid  mechanics  theory  the  excitation  force  of 
the  surrounding  water  can  be  expressed  as 


rgB(w-t) 


D  -  _i 


F(w.;.x,t) 


(7) 
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where 

m  is  the  added  mass/ length 

U  is  the  forward  speed 

N  is  the  hydrodynamic  damping  coefficient 

w  is  the  deflection  of  the  ship 

C.  is  the  water  surface 

B  is  the  beam 

This  expression  simply  states  that  the  excitation  consists  of  the 
inertia  force  (first  term),  the  damping  force  (second  term),  and 
the  restoring  force.  All  of  these  force  components  are  functions 
of  the  relative  position  between  the  water  surface  and  the  ship 
sect  ion 

For  rigid-ship  hulls  the  vertical  displacement  of  a  section 
can  be  expressed  as 

w  -  r>»  -  xn»  (8) 

where 

n ,  and  nj  are  heaving  and  pitching  displacements,  respectively. 

Substituting  Equation  (7)  into  Equation  (3),  and  combining 
these  four  first-order  equations,  we  can  obtain  a  fourth-order 
equation  This  fourth-order  equation  is  too  complicated  for 
comparison  with  the  existing  methods.  For  convenience,  the  shear 
deflection,  the  rotary  inertia,  the  rotary  damping,  axial  force, 
etc.  are  neglected  and  Equations  (4) ,  (5),  (6)  are  used  for  com¬ 
parison 

Substituting  Equation  (7)  into  Equation  (6).  we  have 

Elw'  '  '  '  +  (C  +  N  -  Um‘  )w  -  2  Urn  w’  +  mU’w1' 

s  a  a  a 

-  U (N  -  Urn  *)w'  ♦  pgBw  +  (ms  +  n>a)w  (9) 

-  nar.  +  (N-Umn,)t  -  2Uroat'  -  U(N  -  Uma>t'  +  cgBt 

where  3 

m 

-  a 

m  a  ur 

Note  that  Equation  (7)  is  just  one  of  the  manv  expressions 
for  the  wave -exc i tat  ion  forces.  However,  different  expressions 
for  wave-exciting  forces  result  in  different  and  less  complete 
terms  for  forward -speed  effects.  In  fact, the  excitation  forces 
from  modern  seakeeping  theory  based  on  incident  and  diffraction 
wave  potentials  are  different  from  those  in  Equation  (7).  The 
significant  factor  is  the  absence  in  previous  theories  of  some 
important  terms  which  appear  in  Equation  (9)  Those  terms  are 
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discussed  in  the  following  section. 

3.2.2  The  Effects  of  Forward  Speed  -  If  the  shear  deflection  and 
other  properties  are  included,  the  above  expression  becomes  much 
more  complicated.  The  following  conclusions  can  be  drawn 

(1)  The  forward  speed  affects  (1)  the  hvdrodvnamic  damping 
and  (2)  the  stiffness  of  the  ship  The  second  effect 

has  been  generally  ignored  by  ship  vibration  investigators. 

(2)  Some  of  the  terms  relating  to  damping  due  to  the  forward- 
speed  effects  have  been  ignored  by  many  vibration  in¬ 
vestigators.  The  significance  of  this  omission  is  con¬ 
sidered  in  the  following  section. 

(3)  The  terms  ignored  by  the  ship- vibrat ion  investigators 

have  proven  to  be  important  by  invest igators  concerned  with 
f low- induced  vibration  of  pipes  and  rods  as  shown  in 
References  12,  13,  l^*.  and  15. 

3 . 3  The  Ef foot  of  Forward  Speed  on  Ship  Motions 

The  effect  of  forward  speed  on  ship  motions  has  been  of 
particular  concern  during  the  study  and  the  subject  has  been  con¬ 
sidered  in  some  depth  to  support  the  methodology  adopted.  In¬ 
dependent  structural  analyses  of  ocean  thermal  energy  (OTEC)  cold- 
water  pipes,  reported  in  Reference  12,  provides  some  insight  into 
the  effects  of  water  flow.  Since  the  cold-water  pipe  problem 
also  uses  a  set  of  equations  of  motions  similar  to  Equation  (3), 
the  effects  of  the  internal  water  flow  are  equivalent  to  the  effects 
of  the  forward  speed  of  the  ships  In  comparing  the  cold-water 
pipe  solution  with  the  methods  used  by  various  ship- vibrat ion 
investigators,  it  is  evident  that  some  important  terms  have  been 
ignored  in  the  sh ip- vibrat ion  problem. 

From  Equation  (9).  the  forward  speed  has  three  types  of 
effects  on  the  responses  of  the  ship  in  a  seaway: 

3.3.1  Effects  on  damping  -  The  effects  on  damping  are  shown  in 
the  following  terms  with  the  speed  U: 

Damping  force  -  (C-s  +  N  -  l’ma’)w  -  2l’maw' 

The  methods  reconmended  by  Goodman  (Reference  6),  and  used  by 
Hoffman  (Reference  7)  and  Kline  (References  U  and  5),  have  ignored 
the  second  term  This  term  is  also  neglected  in  the  ABS  method, 
(Reference  8)  . 

3.3.2  Effects  on  the  Hull  Stiffness  -  The  terms  m-U:w"  and 
L'(N  -  I’m,,'  )w'  have  the  effect  of  changing  the  natural  frequencies 
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and  the  vibration  responses.  The  first  terra  maU'w”  can  actually 
cause  the  resonance  vibration  of  a  pipe  conveying  fluid  or  solid 
rods  in  parallel  flow.  These  two  terras  are  entirely  ignored  in 
the  usual  ship-vibrat ion  analysis.  The  second  term  U(N  -  m'a)w' 
or  its  equivalent  does  exist  in  the  seakeeping  theory  by  Salvesen, 
Reference  1,  and  others. 

3.3.3  Effects  on  Wave  Loads  -  Physically,  ail  terms  associated 
with  forward  speed  generate  certain  forces  upon  the  ship's  hull. 
Mathematically,  the  terms  or  their  equivalents  on  the  right  of 
the  equal  sign  of  Equation  (9),  are  defined  as  the  wave  loads, 
for  comparison  with  the  existing  methods. 

The  terras  mar.  +  (N  -  Urn#');  +  ngBC  are  exactly  the  same  as 
Goodman's  solution  (Reference  6).  The  terms,  2Uma'’,  U(N  -  L'ma);', 
have  been  ignored. 

Again,  it  is  necessary  to  note  that  a  different  version  of 
the  excitation  will  result  in  a  set  of  different  effects. 

However,  all  versions  of  existing  methodology  do  indicate  that 
many  terms  have  been  ignored. 
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4 . 0  METHODOLOGY 


Because  of  the  limited  scope  of  this  study,  project  cal¬ 
culations  of  the  vibration  response  were  carried  out  using 
existing  methods.  The  wave  loads  and  hydrodynamic  coefficients 
were  calculated  by  the  program  MIT5D  developed  by  the  Massachusetts 
Institute  of  Technology.  Using  the  data  obtained  from  this  pro¬ 
gram,  the  vibration  of  the  ship  was  calculated  by  the  program 
BEAMRESPONSE ,  Reference  19,  with  modifications  for  handling  damped 
vibrations,  as  shown  in  detail  in  Reference  21. 

4 . 1  Selection  of  Sea  Spectra 

Figure  2  shows  the  assisted  variation  of  wave  peak  energy 
frequency  with  significant  wave  height  for  ocean  and  Great  Lakes 
waves.  The  lower  curve  is  for  representative  ocean  waves  and  the 
upper  curve  is  for  waves  in  Lake  Superior.  The  ocean  waves  are 
represented  by  the  Bretschneider  spectrum  having  a  peak  energy 
frequency  10  percent  greater  than  the  well  known  Pierson-Moskowitz 
spectrum.  The  Bretschneider  spectrum  is  probably  more  represen¬ 
tative  than  the  Pierson-Moskowitz  for  all  ocean  locations  and  is 
of  more  interest  for  the  present  study  since  the  higher  frequencies 
of  wave  energy  will  produce  larger  springing  stresses.  The  Great 
Lakes  waves  are  represented  by  the  Jonswap  spectrum  which  is 
based  on  analysis  of  available  wave  spectral  data,  with  emphasis 
on  the  Lake  Superior  data  from  Reference  16. 

For  the  baseline  ships  and  the  variations,  the  responses  for 
different  wave  heights  and  different  headings  were  calculated  by 
the  seakeeping  program.  The  conditions  associated  with  the  maximum 
wave-induced  bending  moment  were  then  adopted  for  the  vibration 
analysis.  See  section  4.5. 

4 . 2  Equations  of  Motion 

As  indicated  earlier,  the  usual  analytical  methods  for 
estimating  ship  vibration  are  not  entirely  satisfactory.  Errors 
may  be  Introduced  in  the  usual  assumptions  of  rigid  hulls  for 
seaway  load  estimates  and  flexible  hulls  for  vibration  analysis. 
Because  of  the  limited  scope  of  this  study,  however,  the  forward 
speed  effects  discussed  earlier  have  only  been  partially  accounted 
for  as  Indicated  in  Figure  3. 

The  constant  parameters  in  Equation  (3)  are  defined  as  follows 

E  -  30  *  10*  psi  -  1.9286  *  10*  tons/ft’ 

G  -  E/2  (1  +  v) 
v  -  0.3 

P  -  0  (no  axial  force) 
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C0  -  0 

C  is  defined  in  Figure  3  (See  next  section.) 
m  is  replaced  by  m  +  n 

S  S  il 

F  is  the  sea  load  calculated  by  the  program  MIT5D 
4 . 3  The  Prediction  of  Damping 

The  state-of-the-art  of  estimating  of  vibration  damping  of 
ships  was  reviewed  by  Woolman  in  1965,  References  17  and  18.  He 
concluded  that  "information  is  abundant  but  inadequate  in  predicting 
responses  of  the  ship  hull  at  resonant  conditions."  Since  then, 
this  situation  has  changed  very  little 

Several  pertinent  shortcomings  and  limitations  in  the  existing 
methods  for  measurement  and  computation  of  the  damping  coefficients, 
which  have  not  been  considered  by  Woolman,  are  discussed  in  the 
following  paragraphs. 

Many  measuring  and  computing  methods  treat  the  ship  as  a 
single  damped  mass-spring  system.  The  results,  even  if  accurate, 
provide  the  total  damping  of  the  ship.  While  such  data  are 
abundant  and  readily  available,  they  are  not  adequate  for  ship 
vibration  analysis 

The  measurements  obtained  in  damping  experiments  provide  only 
the  total  response  due  to  certain  controlled  excitations.  It  is 
generally  understood  that  the  total  damping  consists  of  at  least 
three  basic  components,  i.e.,  hydrodynamic,  cargo,  and  structural 
damping,  and  that  these  components  are  functions  of  frequency. 

In  order  to  identify  and  determine  these  components,  and  the 
effects  of  different  frequencies,  an  experimental  program  must 
Include  methods  for  differentiating  these  components.  Little 
effort  has  been  made  in  this  direction  in  past  experiments.  For 
example,  methods  for  this  purpose  are  not  considered  in  References 
17  and  18. 

Equations  (1),  (2),  and  (3)  indicate  that  the  magnitude  as 
well  as  the  distribution  of  damping  coefficients  are  required. 

None  of  the  existing  experimental  data  and  computation  methods 
can  be  used  to  determine  the  distribution  of  the  damping  force. 

This  is  an  obvious  shortcoming  in  the  methodology,  resulting  in 
errors  in  the  determination  of  vibration  responses. 

The  forward- speed  effects  have  been  recognized  as  quite 
Important,  Reference  1.  In  the  past,  no  damping  experiments  have 
been  conducted  to  determine  the  forward-speed  effects  on  damping. 
Hoffman,  Reference  7,  has  calculated  the  difference  between  the 
experimental  results  and  the  results  by  Goodman's  method,  Re¬ 
ference  6,  and  he  indicated  the  importance  of  the  forward-speed 
effects.  However,  he  attributed  these  differences  to  the  damping 
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alone.  Since  Goodman's  solution  also  ignores  the  forward-speed 
effects  on  the  excitation  force  and  the  stiffness  of  the  hull, 
the  actual  forward-speed  effects  on  damping  are  still  unknown. 

The  current  indeterminate  status  of  damping  is  considered 
in  Figure  4.  Various  investigators  use  entirely  different  values 
of  the  damping  coefficient.  Note  that  almost,  if  not  all,  of 
these  experimental  data  were  measured  with  the  ships  being 
stat ionary . 

4.4  Determination  of  the  Kffects  of  Ship  Proportions  on  Hull 
Flexibility  - 

The  flexibility  of  any  structure  can  be  defined  as  the  de¬ 
formation  of  the  structure  at  a  given  location  produced  by  a 
unit  generalized  force,  such  as  a  deflection  due  to  a  unit  force, 
and  rotation  due  to  unit  moment,  etc.  This  definition  is  not 
convenient  for  ships  and  its  meaning  is  too  vague  for  the  designers. 
A  better  definition  is  the  two-node  frequency.  It  can  be  shown 
that  ships  with  small  values  of  vibration  frequency  respond  to 
unit  force  with  relatively  great  deformation.  For  this  reason 

Flexibility  -  —  (10) 

U  J 


The  deflection  due  to  a  standard  wave  of  unit  wave  height 
has  also  been  used  as  a  measure  of  flexibility.  However,  the 
result  is  not  satisfactory  because  other  factors  such  as  heading 
angles  and  weight  distribution  have  not  been  standardized. 

The  effects  of  varying  hull  proportions  have  been  examined  , 
using  non-dimensional  hull  geometrv  ratios  such  as  L/B,  B/T,LJ/BI  , 
L/D,  B/D.  etc.  The  effects  of  these  on  bending  moment,  deflection, 
stress,  and  natural  frequency  of  the  hull  have  been  plotted  in 
Figures  5  through  37.  From  the  study  results,  the  effects  of  B/T 
were  found  to  be  quite  small  Since  the  depth  of  the  ship,  D.  does 
not  affect  the  hydrodvnamic  force  or  the  hydrodvnanic  coefficients, 
the  effect  of  variation  of  I)  can  be  included  in  the  structural  mo¬ 
ment  of  inertia  of  the  ship,  I. 

4 .  5  Determination  of  Maximum  Wave  Loads 

4.5.1  Maximum  Wave  Loads  for  High  Energy  Waves  -  In  the  study, 
the  ship  mot  ions  responses  in  a  seaway  were  computed  for  a  com¬ 
plete  range  of  heading  angles  and  different  significant  wave 
heights  to  determine  the  relation  between  the  vertical  bending 
moment  and  the  wave  heights.  Some  of  the  results  are  shown  in 
Figures  38  to  45.  The  maximum  wave  height  for  the  oceangoing 
ships  is  limited  to  25  feet  at  a  wave  frequency  of  0.5  rad/sec 


Vertical  Bending  Moment 
Ire  Carriers 


Effect  of  L2/Bl*i  on  Bending  Stress  for  Fig.  11  -  Effect  of  L2/BI1*  on  Lateral  and  Torsional 
Great  Lakes  Ore  Carriers  Moment  for  Great  Lakes  Ore  Carriers 
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Fig.  22  -  Effects  of  L/B  on  Vertical  Bending  Fig.  23  -  Effect  of  L/B  on  Vertical  Bending  Moment 

Stress  for  Cargo  Ships  for  Cargo  Ships 
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Fig.  34  -  Effect  of  L^/BP  on  Deflection  for  Fig.  35  -  Effect  of  LVBP  on  Bending  Stress 
Containerships ,  Full  Load  for  Containershlps ,  Full  Load 

Condition  Condition 


LVBI  on  Lateral  and 
Moment  for  Containerships 
Condition 
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Fig.  38  -  Effect  of  Wave  Height  and  Fig.  39  -  Effect  of  Wave  Height  and  Heading 
Heading  on  Sea  Loads  of  Great  Lakes  on  Sea  Loads  of  Tanker,  Full  Load  Condition 
Ore  Carrier,  Full  Load  Condition 


Fig.  40  -  Effect  of  Wave  Height  and 
Heading  on  Sea  Loads  of  Great  Lakes 
Ore  Carrier,  Ballast  Condition 


Fig.  41  -  Effect  of  Wave  Height  and  Heading 
on  Sea  Loads  of  Tanker,  Ballast  Condition 
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Fig  42  -  Effect  of  Have  Height  and 
Heading  on  Sea  Loads  of  Cargo  Ship, 
Full  Load  Condition 
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Fig.  43  -  Effect  of  Have  Height  and  Heading 
Heading  on  Sea  Loads  of  Cargo  Ship, 

Ballast  Condition 
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Fig.  44  -  Effect  of  Have  Height  and 
Heading  on  Sea  Loads  of  C6  Container- 
ship,  Full  Load  Condition 
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Fig.  45  -  Effect  of  Have  Height  and 
Heading  on  Sea  Loads  of  C8  Container- 
ship.  Full  Lord  fcrcltlrr. 
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and  20.5  feet  for  Creak  Lakes  ships.  Within  these  limits  of  sea 
states,  the  wave  loads  associated  with  the  maximum  vertical  bending 
moment  were  adopted  for  the  vibration  analysis. 

A. 5. 2  Wave  Loads  for  Springing  Condition  -  For  the  springing 
condition,  the  two-node  frequency  of  the  ship  was  first  calculated. 
Using  the  two-node  frequency,  ui,,  the  wave  frequencies  and  head¬ 
ings  which  could  cause  springing  were  determined  from  the  relation: 


cos  a 


where  a  is  the  heading  angle,  beginning  with  zero  degrees  corres¬ 
ponding  to  following  seas. 

Among  all  the  sets  of  peak  energy  wave  frequencies  and  head¬ 
ing  angles,  a  set  of  waves  and  headings  associated  with  the  maxi¬ 
mum  rigid-hull  significant  bending  moment  was  determined.  The 
sea  loads  for  this  set  of  headings  and  waves  were  adopted  for  the 
springing  analysis. 

A . 5 . 3  Approximate  Method  for  Determining  the  Flexible  Hull  Bend¬ 
ing  Moment  -  Theoretically  the  maximum  vibration  bending  moment 
can  only  be  determined  by  calculating  the  bending  moment  associated 
with  the  entire  wave  spectrum,  a  task  beyond  the  scope  of  this  pro¬ 
ject.  In  view  of  the  many  uncertainties  in  existing  vibration 
theory,  an  absolute  maximum  is  not  of  interest.  Relative  maxima 
within  the  accuracy  of  the  existing  theory  can  be  obtained  by 
the  following  approximate  method: 

Let  BMj ,  BMr  be  the  flexible  ship  bending  moment  in  irregular 
wave  and  unit  regular  waves, 

BMR^.  RMRr  be  the  bending  moments  in  irregular  wave  and  unit 

regular  waves  for  the  same  ship  assumed  to  be  rigid. 

For  the  same  regular  wave  load,  the  flexible  hull  bending 
moment.  BMr>  and  the  rigid  hull  bending  moment  BMRj.,  can  be  cal¬ 
culated  Since  the  sea  load  in  irregular  waves  can  be  regarded 
as  a  combination  of  many  regular  wave  loads,  the  ratio  between  the 
rigid  hull  bending  moment.  BM^,  and  the  flexible  hull  bending 

moment,  BM^,  for  the  same  irregular  wave  load,  can  be  determined 
approximately  as  follows: 


.,MRr 


In  high-energy  waves,  the  deflection  of  the  flexible  hull 
is  small  in  comparison  with  the  rigid-hull  motions.  The  differences 
between  the  seakeeping  and  flexible  hull  bending  moments  are  small. 
For  this  case, the  above  equation  is  quite  good.  In  the  springing 
condition,  the  deflection  of  the  flexible  hull  may  be  much  greater 
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chan  Che  rigid-hull  mocions.  In  chac  case,  the  above  equation  may 
induce  some  errors.  Ic  was  lndlcaced  in  previous  discussion  chac 
che  state-of-the-art  is  inaccurace  for  Che  springing  condicion 
unless  che  neglecced  hydroelastic  effects  are  taken  into  con¬ 
sideration.  In  che  absence  of  more  accurate  methods  for  analyzing 
springing,  che  above  equation  can  be  used  for  estimating  che 
approximate  springing  moment. 

According  to  Goodman,  Reference  6,  the  two-node  mode  vibra¬ 
tion  predominates  at  and  around  the  two-node  natural  frequency. 

If  this  is  true,  the  errors  due  to  equation  (12)  should  be  small 
even  in  the  springing  condition. 

Equation  (12)  was  used  to  calculate  the  vertical  bending 
moment  for  the  flexible  ship  for  both  the  wave  bending  case  and 
che  springing  case.  The  bending  moment  in  Irregular  waves  for 
the  rigid  ship  (BM^)  was  calculated  using  the  MIT5D.  This  pro¬ 
gram  was  also  used  to  calculate  BMRr*  the  wave  bending  moment  in 

unit  regular  waves  for  the  rigid  ship.  The  bending  moment  for 
the  flexible  ship  in  regular  waves.  BMr ,  was  calculated  using  the 

modified  BEAMRESPONSE  program. 

For  the  wave  bending  case, the  significant  wave  height  was 
taken  as  25  ft.  for  the  ocean-going  ships  and  20.5  ft.  for  Great 
Lakes  ships.  For  the  springing  case  the  wave  height  was  chosen 
to  correspond  to  the  heading  that  gave  the  maximum  bending  moment 
for  we  ,  the  encounter  frequency,  equal  to  w, ,  the  natural  2-noded 

hull  frequency;  where  ue  corresponds  to  the  peak  frequency  of 

the  wave  spectrum. 

In  the  curves  in  Figures  5  through  37.  the  still- water  bend¬ 
ing  moment  was  added  to  the  wave  bending  moment,  calculated  as 
described  above,  to  obtain  BMV>  but  was  not  added  to  the  plotted 

springing  bending  moment. 


U . 6  Effects  of  Hull  Materials 

The  effects  of  hull  materials  on  the  hull  flexibility  were 
considered  in  the  study  in  the  following  manner: 

(1)  High-Strength  Steel 

Classification  societies  usually  allow  certain 
reductions  in  the  scantlings  of  the  ship  structure 
if  high-strength  steel  is  used.  This  reduction  in 
scantlings  will  reduce  the  moment  of  inertia  of  the 
ship  section  with  a  corresponding  increase  in  the 
hull  flexibility.  Using  the  two-node  frequency  as 
the  parameter  for  hull  flexibility,  the  increase  in 
flexibility  can  be  determined  from  the  relationship 
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where  I.  and  I  are  Che  moment  of  inertia  of  the  crosa- 
section  with  and  without  high-strength 
steel . 

Accordingly,  the  effects  of  the  high-strength  steel  can 
be  accounted  for  by  properly  using  the  value  of  the 
moment  of  inertia. 


(2)  Aluminum 


Since  the  modulus  of  elasticity  of  aluminum  is 
less  than  that  of  steel,  both  the  moment  of  inertia 
and  the  modulus  of  elasticity  must  be  taken  into  con¬ 
sideration  as  in  the  expression 


VI  I  E 

a  a 

or: 
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where 

ui  and  u  are  the  two-node  frequencies  for 
a  s  aluminum  and  steel,  respectively; 

I  and  I  are  the  moments  of  inertia  for  aluminum 
a  s  and  steel,  respectively; 

E  and  E  are  the  moduli!  of  elasticity  for  aluminum 
a  s  and  steel,  respectively. 

Thus,  the  effects  of  using  aluminum  and  steel  can  be 
taken  into  consideration  by  evaluating  the  product  of 
cross-section  moment  of  inertia  and  the  modulus  of 
elasticity. 

(3)  Composite  Materials 

Hulls  with  mild  steel  and  higher  strength  steels 
can  be  readily  compared  since  the  modulii  of  elasticity 
of  these  two  materials  are  the  same. 

For  ships  constructed  of  both  mild  steel  and 
aluminum,  the  problem  is  more  complicated.  For  this 
case* the  concept  of  equivalent  moment  of  inertia  must 
be  used.  Letting  A-^,  A8<  be  the  cross-sectional  areas 
of  the  aluminum  ana  steel  members;  y«i.  y8i  the  distance 
from  the  center  of  gravity  of  those  areas  to  the  neutral 
axis  of  the  ship  cross-section,  the  equivalent  moment  of 
inertia  is  defined  as 
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where  Isi.  Iai  are  the  moments  of  Inertia  of  each 

structural  member  about  its  own  center 
of  gravity; 

N.  M  are  the  numbers  of  the  steel  and  aluminum 
members  in  the  cross  section. 

The  effect  of  the  aluminum  structure  is  included  in  the 
equivalent  moment  of  inertia.  As  a  special  case  when 
the  entire  hull  is  made  of  aluminum.  Equation  (15) 
reduces  to 

s  s 


5.0  SELECTION  OF  REPRESENTATIVE  SHIPS  FOR  ANALYSIS 


The  following  four  vessels  were  selected  as  vehicles  for 
conducting  the  hull  flexibility  study: 

(1)  Great  Lakes  ore  carrier  STEWART  J.  CORT. 

(2)  264,000  dwt  U.S.  flag  tank  vessel,  designated  TIO-S-lOlb. 

(3)  C6-S-85a  and  C8-S-85d  family  of  containerships . 

(4)  C4-S-69b  general  cargo  vessel  of  MICHIGAN  class. 

Characterist ics  of  the  above  vessels,  and  the  proposed  para¬ 
metric  variations  in  dimensions,  are  considered  in  the  following 
paragraphs . 

Each  of  the  vessels  was  studied  for  one  full  load  and  one 
representative  ballast  condition.  Effect  of  dimensional  variations 
on  full  load  service  speed  was  ignored.  For  each  set  of  parametric 
variations  of  a  given  parent  vessel,  one  value  each  of  full  load 
and  ballast  speeds,  corresponding  to  the  parent  vessel  character¬ 
istics,  was  assumed. 

As  indicated  earlier,  the  required  evaluation  of  the  effects 
of  changes  in  depth  and  structural  materials  was  obtained  by 
appropriate  variation  in  moment  of  inertia. 

5 . I  Great  Lakes  Ore  Carrier  STEWART  J.  CORT 

The  matrix  shown  in  Table  5  was  prepared  assuming  constant 
values  of  breadth.  B.  and  draft,  T.  These  assumptions  reflect 
realistic  limits  for  the  foreseeable  future,  reflecting  lock 
dimensions  and  operating  draft  constraints  The  1,000  ft  overall 
length  reflects  existing  maximum  permissible  length  for  transit 
of  the  Poe  Locks.  It  is  understood,  however,  that  this  constraint 
may  be  relaxed  to  permit  length  increases  of  about  100  ft. 


Accordingly,  a  five-ship  parallel  body  series  based  on  the 
present  CORT,  with  length  increases  to  1,300  ft  overall  and 
length  reductions  to  800  ft  overall,  was  investigated.  It  was 
assumed  that  these  changes  in  dimensions  would  be  accomplished  by 
simple  addition  and  subtraction  of  parallel  mid-body,  for  constant 
breadth  and  draft.  The  full  load  service  speed  of  the  CORT  was 
assumed  constant  for  the  series  and  a  higher  service  speed  was 
assumed  for  the  lighter  ballast  draft. 

Vessels  similar  to  the  CORT  have  been  built  to  the  same 
overall  length  and  breadth  constraints,  but  with  increased  depth 
to  obtain  the  higher  cubic  capacity  required  for  coal  transport. 

The  most  recent  vessel  built  for  this  service  is  the  BELLE  RIVER. 
Bay  Shipbuilding  Hull  No.  716,  with  D  -  56  ft.  Accordingly,  the 
series  Includes  two  values  of  depth,  with  D  *  49  ft  for  the 
shorter  vessels  and  D  *  56  ft  for  the  longer  vessels.  The  1,000  ft 
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TABLE  6  -  PROPERTIES  OF  GREAT  LAKES  ORE  CARRIER  "STEWART  J.  CORT" 

FULL  LOAD  CONDITION 
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TABLE  7  -  PROPERTIES  OF  GREAT  LAKES  ORE  CARRIER  "STEWART  J.  CORT 

RALLAST  CONDITION 
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parenc  was  studied  for  both  values  of  depth,  thus  providing  for 
a  six-ship  series. 

Character ist ics  of  the  proposed  series  at  full-load  draft 
are  summarized  in  Table  5.  The  range  of  values  of  L/B  indicate 
proportions  that  extend  well  beyond  current  practice  on  the 
Great  Lakes.  The  values  of  L/D  ,  from  16  to  over  24,  exceed 
oceangoing  limits  and  extend  from  current  Great  Lakes  limiting 
values  of  20  to  well  beyond  current  design  practice.  Values  of 
B/T  are  constant  and  reflect  the  existing  values  of  this  ratio 
for  vessels  designed  to  transit  the  Poe  Locks. 

Sectional  properties  used  in  the  analysis  are  summarized  in 
Tables  6  and  7  and  assumed  speeds  are  included  with  the  response 
data.  Tables  8  and  9. 

5 . 2  264,000  DWT  Tanker 

The  proposed  matrix  of  systematic  dimensional  variations  for 
the  TlO-S-lOlb  tanker  is  shown  in  Table  10.  Draft  and  displacement 
values  are  specific  to  the  full-load  condition 

The  matrix  was  prepared  assuming  constant  values  of  displace- 
tr.uu  and  draft.  A  systematic  variation  in  the  ratio  L/H,  was 
assumed,  thus  providing  for  corresponding  variations  in  he  signifi¬ 
cant  ratios  L/D,  B/D.  This  approach  differs  from  the  alternatives 
normally  examined  by  the  ship  designer  in  that  the  owner's  re¬ 
quirements  generally  include  defined  values  of  deadweight  ind 
draft  restriction.  Light  ship  and  deadweight:  values  will  vary  with 
proportions  However  the  constant  displacement  series  is  a 
reasonable  approximation  to  the  designer's  constant  deadweight 
approach  and  it  provides  a  practical  basis  for  study  analysis. 

The  five  design  points  indicated  in  the  table  were  further 
examined  by  analysis  with  the  HYDRONAITICS '  concept  design  com¬ 
puter  program,  to  obtain  realistic  values  of  depth  for  the  assumed 
variations  in  hull  dimensions  and  proportions.  This  computer 
analysis  also  provided  the  necessary  weight  information  to  support 
preparation  of  a  systematic  variation  of  weight  curves  for  the 
four  variations  of  the  parent. 

The  computer  design  analysis  indicated  that  required  depth 
variations  would  be  small,  approximately  1.25  ft  from  the  base 
value  of  86  ft.  Further,  for  a  constant  service  speed  and  Cg . 
power  requirements  varied  only  approximately  800  hp.  Accordingly, 
it  was  considered  reasonable  to  hold  the  original  values  of  D  and 
Cg  constant  for  basic  variation  in  parameters. 
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To  obtain  ship  characteristics  with  high  values  of  the  ratio 
L/D.  a  reduced  value  of  D  -  76  ft  was  arbitrarily  assumed  for  the 
three  longest  designs.  This  three-point  series  is  academic  in 
that  the  76  ft  depth  is  inadequate  to  obtain  the  freeboard  draft 
of  67  ft. 

Sectional  properties  used  in  the  analysis  are  summarized  in 
Tables  11  and  12  and  assumed  speeds  are  included  in  the  response 
data,  Tables  13  and  14. 

5 .  3  "C4"  General  Cargo  Vessel 

An  existing  US  flag  general  cargo  vessel,  designated 
C4-S-69b,  was  selected  for  study.  The  MICHIGAN  of  this  class  has 
been  the  subject  of  earlier  studies  under  Ship  Sturcture  Committee 
sponsorship.  The  proposed  matrix  of  systematic  dimensional 
variations  is  shown  in  Table  15.  Draft  and  displacement  values  are 
specific  to  the  full  load  condition. 

The  matrix  was  prepared  assuming  constant  values  of  displace¬ 
ment.  draft,  and  block  coefficient.  Cn.  A  systematic  variation  in 
the  ratio  L/B  was  assumed,  thus  providing  for  corresponding  varia¬ 
tions  in  the  significant  ratios  L/D  and  B/D.  It  is  recognized 
that  the  two  longest  vessels,  with  highest  values  of  L/B  and 
lowest  values  of  B/D,  may  have  marginal  stability  characteristics 
However,  the  series  was  retained  for  study  since  the  intent  was 
to  Investigate  systematical ly  the  effect  of  varying  ship  propor¬ 
tions 


Sectional  properties  used  in  the  analysis  are  summarized 
in  Tables  16  and  17  and  assumed  speeds  are  included  in  the  response 
data.  Tables  18  and  19. 

5  4  "C6"  and  "C8"  Containershlps 

Existing  C6-S-85a  and  C8-S-85d  containershlps  were  selected 
for  the  study  The  original  "C6"  design  was  completed  in  1968 
and  has  been  in  service  since  that  time  for  two  US  flag  operators. 
Recently,  a  group  of  the  original  "C6"  vessels  was  converted  by 
lengthening  144  ft  and,  subsequently,  new  construction  of  this 
latter  configuration,  designated  C8-S-85d,  was  initiated  and  is 
currently  under  construction  Design  and  characteristics  data 
for  both  configurations  is  currently  available.  Further,  opera¬ 
tional  data  exists  for  the  "C6’'  design  and  will  become  available 
for  the  longer  "C8"  design.  Accordingly,  selection  of  these 
vessels  for  study  provided  points  in  a  ship  series  wherein 
analytical  studies  can  be  related  to  actual  design  and  operating 
experience . 
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TABLE  11  PROPERTIES  OF  266.000  DWT  "TIO"  TANKER. 
FULL  LOAD  CONDITION 
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TABLE  12  PROPERTIES  OF  264.000  DWT  "T10"  TANKER. 
BALLAST  CONDITION 
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TABLE  13  -  UWATION  OF  PROPORTIONS  AND  RESPONSES  OF  TANK  VESSELS  -  FULL  LOAD  CONDITION 
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TABLE  16  -  PROPERTIES  OF  C4-S-69b  GENERAL  CARGO  VESSEL 
FULL  LOAD  CONDITION 
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TABLE  1?  -  PROPERTIES  OF  C4-S-69b  CARGO  VESSEL 
BALLAST  CONDITION 

LBP  -  544 ' 

B  -  82* 

D  -  45.5* 

T  -  19.5' 

A  -  12004  cons 


SECTION  PRoPE.h  IES 


SECTION  LENGTH 
(to 

1  6.83UOOOE *01 

2  5.4000006+01 

J  5,40  tOOOG^Ji 

»  -j  .  -i  -  j0006*JI 

■j  5*4  X)OOE*OI 

6  5.4000006*01 

7  5.4  0<  OOt:*JI 

O  6.4  JOOOOE*OI 

V  OOOOE+OI 

I  J  7.4  jOOOc*Jl 


MOD.  OH  ELAS. 

(ton/f t  * ) 

I . 92d6D0E*06 
I .V2d6 706*06 
t  .  92  -)6  306*06 
I .9286006*06 
1  .  92  d600E  *06 
I  . 92d6J0E*O6 
I .92 86 JOE >06 
I  .  9286006*06 
1 .  9?rt60'0E*06 
I . 9286006*06 


MO.  I NET TI A 

(ft  ; 

3. Ml  )036*03 
5.8673006*03 
7.  >00  H)  )6*0? 
6.9  11003E*03 
7. 13300 )6*J3 
6*  VI  /  .)0  )6*03 
7.03JU>J6*03 
6.46:»u0  )E*01 
4 . 333000E+03 
2.80)00^6*01 


SECTION  ELAS.  FDN 

(tan/fl1) 


ROT.  ELAS.  FDN 


SHEAR  AREA 

(ft’> 


1  0. 

2  5.5230006-01 

3  1.21 5 0006*00 

4  I  .  Hd5O0vJt*'30 

5  2.2  930006*130 

o  2.3430006*00 

7  2.2/50006*00 

d  I  . 9090006*00 

v  I  .  I  fit 0006*00 

10  2 .2300006-01 


0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 


4.  300  >0  )c*00 
5 . 9700036*00 
6.9500036*00 
7.3'j0(X>)6*O0 
7.07Jo03e*00 
6. 4600006*00 
6.6400036*00 
7. 55000  )6*00 
7.  I  100006*00 
4. 7  4  (30OJ  c ♦ 00 


"ass  density 

(:on-.*r  ‘  /  f  t  ') 

3.8  7  7  ’IOOE-OI 
7.58V 700E-0 I 
1.4771 006*00 
9.5 I  19006*00 
3*  243500E+00 
3.4241006*00 
3. I 6J900E*00 
I . Rl 7600F*00 
1 . 07  4400E*00 
6.575000E-0I 

POISSON  RATIO 

3. OOOOOOE-O I 
1 .  OOOOOOF.-O  I 
1.0033006-01 
3. 0000*30 *-'-01 
3. OOOOOOE-O I 
3.0030006-01 
3.0000006-01 
3.0003)06-01 
3. OOOJOOE-O I 
3. OOOOGOE-O I 
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The  matrix  of  ship  characteristics  selected  for  study  is 
shown  in  Table  20.  The  matrix  was  prepared  assuming  constant 
values  of  full  load  draft  and  depth.  The  existing  "C6"  and 
"C8"  parallel  mid-body  series  vessels  were  selected  for  the 
first  two  design  points.  The  third  design  point  is  a  further 
parallel  mid-body  extension  to  a  length  of  875  ft.  The  re¬ 
sulting  characteristics  of  this  design  point  are  currently  of 
academic  interest  in  that  the  value  of  L/D  ■  16.5  exceeds 
classification  society  limits. 

A  fourth  design  point  was  obtained  by  increasing  the  breadth 
of  the  "C8"  design  to  106  ft,  corresponding  to  the  nominal 
addition  of  two  rows  of  8  ft  width  containers.  The  106  ft 
breadth  also  corresponds  to  existing  Panama  Canal  constraints 

Containerships  tend  to  operate  with  cargo  aboard  in  both 
outbound  and  return  voyages  and  draft  is  near  constant  for  the 
operating  conditions  of  interest.  This  conclusion  has  been 
verified  through  discussion  with  the  operators  of  the  "C6"  and 
"C8"  vessels.  Accordingly,  draft  and  service  speed  were  held 
constant  for  the  series. 

Sectional  properties  used  in  the  analysis  are  summarized 
in  Tables  21  and  22  and  assumed  speed  is  included  in  the  response 
data.  Table  23. 


n 
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1 


j 


(2)  Lengthened  "C6"  design,  currently  under  construction,  designated 
C8-S- 85d . 


TABLE  21  -PROPERTIES  OF  C6-S-8Sa  CONTAINERSHIP 
FULL  LOAD  CONDITION 


LBP  -  625* 

B  -  90' 

D  -  53' 

T  -  32.7' 

A  -  29880  tons 


SEC  no:; 


>,•:  a  ms 


tcrilMI  LENGTH 

(ft) 

1  a. 25  ■  -  1 

2  i .  -  -i 

6.  2  ■  '  1 

)  • 

j  ’  .  liWL+Jl 

o 

/  6.2v»  c+OI 


i  6  »  i 

I  w»  Oj  >  /JO.-v  ■' 


LdlOii  LAS.  I-* 

(ton/ ft’) 

5 .  •  < "  ~ 


.  .  I  I  - 

. 

>  Li  '  K). 

• 

I 

,  1 

I  . 

!  i  K  •'  '  >  J  -  1 


-in:),  n.  elas.  mo.  i;;mriA 


(ton/ft ' ) 

(ft*> 

1 .  y  2  E+  ■ 

i  .  *  ■) 

... 

.  -  16  E+ 

1  .  1  ij 

1  .  -  ,.•>  )li  >  o 

1  .  '  1  . 

.  .  ■■■  -  j 

!.'•■, 

1  *V  b+ 

1  .  3  7j  *0 

'  .  -  6  +06 

l  .  • 

1 .9206  0E+ 

2.65  ‘ 

.  .. 

1 .  « 

I  ,  Vj 

’j  .  /  )  :  1  1  *  <  * 

EL  AS  . 

S  fi  ■  A  '  • 

(ft’) 
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4. (  >  H 

/  1  ,  1  |  ..V  111 
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(  • 

0.4 
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j. 

.40 

0.4 

B.4 

». 

7.  ’  /  ♦’» 

.1  .  ’  | J 

-  • 

3.  ' 

r  ; .  a  .  ■ :  .  Ai  m  nawUftiBU 

/  '/*  7*  Q  _  _ 


■ass  he. -is try 

(ton- .oc 1 /f l ’ > 

7.9O7OO0E-OI 
i .  +o 

J.3571 0  >1  ♦  ) 

t  ■ 

, .  .1  XX)!i+00 

•  .  10900E+00 
4. V  L»>k)Qu+  X) 
U4  *-00 

.  Oj  7  0  I  +00 
i  . 2  Iv6<  ■  ♦  K 

,nis;n:J  i:a r It) 

1.1  >E-0» 

.  -  I 

.  -  I 

.  ■  01 
-01 
-01 
-01 

» .  000  -01 
OE-Ol 

.  r  '  -  ' 
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TABLE  22  -  PROPERTIES  OF  C8-S-85d  CONTAINERSHIP 
FULL  LOAD  CONDITION 

LBP  -  769’ 

B  -  90' 

D  -  53' 

T  -  33’ 

A  "  42163  tons 


:r  i  .i  es 


.  -or: 

(t  o 

JJOOOJu+OI 


40  ;  :  >1 
v 


i  L  1  . 

(ton/ft ') 
- 


•  '•  ’  .  . 
(ton/ft1) 

I  .  V2  • 

.  ' 

.  >  .  ■  '• 

i  .  ■  >  .  ’ 

.  ■  Hi  6 

1.9206 
I .  •  600E+ 

.  J  ,'<  .  -  c, 

•  • 

.  .  EL  A  .  • 


1.0.  I 

i  '■:  ( i 

I  A 

••.Acs  nt:i.'s i  ry 
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(ton-  •« 1  /  f 

•) 

5 .  / 1  >0 

+03 

8.93V 

-01 

: . .  * .  i 

000. 

+  03 

.  .  ?3jr.C0L 

+  00 

!  .  >V 

t  1 1 

;*(j  ' 

i  i  >  too: 

+  00 

i  .  ■ 

>0  )l: 

>•04 

s.  • 

+  00 

I  .  1)  7<  1 

:•  J  l 

\i  )0r  +  )0 

1  .J  ?H 

. 

+  04 

t>,  >01  >000+  '0 

1  .  /d 

;<)  );.• 

+o  l 

J.  ' 

+  ) 

2*  134 

>  j  i 

+  5 

4. 3  '.'h;o'- 

+00 

l  . 

JOO 

+04 

2.7  3  15  »,  +  1  ' 

6.  460 

\)  )(■ 

+03 

i  .'J  ja  v>o:i 

+  00 

\  t  Ai’LA 

por.st  i  i? 

\/! 
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4.  ) 
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+  1  ' 

3.000  no-? 

-  )! 

r. . 

o  » . 

/.  (*1  i 

.  .  .  >0.. 

-  '1 

' 

)o  >;• 

+  w 
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».4  ) 

JO  .. 

>00 
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.4 

oj  ). 

+00 

-01 
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-  ; 

+  00 
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)0  5 

+  0' ) 
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-0  1 

V  ]  • 

•  > )  von 

-  Jl 

6.0  COMPUTATION  RESULTS 


The  seaway  responses  of  the  tour  parent  ships  were  computed 
for  12  headings,  for  0®  to  180°  in  15  Increments,  and  for  three 
significant  wave  heights.  Results  are  included  In  Figures  38  to 
45.  For  the  variations  of  the  parent  ship,  computations  were 
made  only  for  those  headings  where  high  values  of  responses  were 
anticipated.  For  example,  if  the  maximum  wave  moment  occurred 
at  45°  heading  for  the  parent  ship,  then  computations  were  made 
for  30°,  45°,  60°  and  180°  for  the  variations.  Head  seas  cases 
were  calculated  for  all  parents  and  variations  to  assess  the 
possibility  of  springing. 


Calculated  results  are  summarized 
and  figures. 

in  the  following 

tables 

Parent  Ship 

Tables 

Figures 

STEWART  J.  C0RT  (Great  Lakes  Ore  Carrier) 

8.  9 

5  -  12 

*T10"  Tanker 

13.  14 

13  -  20 

"C4"  General  Cargo 

18,  19 

21  -  39 

'C6/C8''  Containerships 

23 

30  -  37 

It  should  be  noted  that  ship  displacements  in  Tables  5,  10, 

15  and  20  may  differ  from  values  given  in  Tables  8,  9,  13,  14,  18,  19, 
20  and  23.  Values  in  the  latter  tables  reflect  actual  loading 
conditions  studied  and  include  inaccuracies  Inherent  in  the  iterative 
procedure  for  balancing  the  ship  on  a  wave. 
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7.0  DISCUSSION  OF  METHODOLOGY  AND  RESULTS 


7 . 1  Methodology 

The  responses  of  the  four  types  of  ships  in  a  seaway  have 
been  calculated  using  the  best  methods  currently  available.  The 
effects  of  ship  proportions  have  been  obtained  and  plotted  in 
Figures  1,  5  through  37  and  46,  and  summarized  in  Tables  17 
through  24. 

Theoretically,  both  the  deflection  and  bending  moment  are 
affected  by  the  following  four  factors: 

(1)  Hull  proportions, 

(2)  Ratio  between  ship  encounter  frequency  and  the  two-node 
frequency , 

(3)  Ratio  between  wave  length  and  ship  length, 

(4)  Heading  angle  and  wave  height. 

Unless  the  other  factors  are  constrained  to  small  variations,  the 
effects  of  variation  of  proportions  alone  cannot  be  shown  explicitly. 
In  such  cases,  however,  the  responses  may  be  beyond  the  range  of 
interest.  In  any  case,  the  effects  of  the  variation  of  ship  pro¬ 
portions  on  the  maximum  responses  is  of  greatest  interest.  To 
obtain  this  information  all  the  above  four  factors  must  be  varied 
in  a  mult  ip le-dimens ion  space. 

Because  of  the  limited  scope  of  this  study,  this  approach 
is  not  feasible.  As  a  compromise,  the  problem  has  been  separated 
into  two  phases. 

First,  the  conditions  associated  with  the  maximum  bending 
moment  of  the  rigid  ship  were  searched  by  using  the  seakeeping 
program  Then  the  sea  loads  at  these  conditions  were  used  as  input 
to  the  vibration  analysis  as  described  in  Section  4.5.  As  noted 
earlier,  this  approacn  is  only  approximate  because  the  maximum  sea¬ 
way  loads  from  the  seakeeping  program  are  not  entirely  valid  be¬ 
cause  of  the  flexibility  of  the  ship's  hull. 

7.2  Results 


The  results  obtained  from  the  above  methods  are  in  generally 
good  agreement  with  the  requirements  of  ABS.  The  relations  obtained 
in  the  study,  as  shown  in  Figures  1  and  46,  may  be  useful  for  de¬ 
sign  purposes 

For  presentation  of  the  results,  various  relations  between 
the  ship  proportions  and  the  responses  were  tried.  Only  three 


10.01 —  -j  o  »  21.50323  -  0.275 


FIGURE  46  -  EFFECT  OF  SHIP  PROPORTIONS  ON  THE  HULL  FLEXIBILITY 
(  REPRESENTED  BY  THE  TWO-NODE  FREQUENCY) 
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non-dimens  ional  parameters  can  produce  meaningful  relations, 
namely  L/B,  L^/BI1  .  BM/(a  +  a')L.  The  effects  of  these  parameters 
are  discussed  in  the  following  paragraphs. 

Based  in  the  calculated  results,  the  following  observations 
can  be  made  regarding  the  effects  of  variation  of  ship  proportions: 


(1)  No  obvious  effects  of  B/T  on  any  response  can  be  found 
for  constant  displacement  of  a  given  ship, 

(2)  All  responses  are  affected  by  the  L/B  ratio  and  by  LJ/BI*  . 
However,  increase  of  these  proportions  does  not  necessarily 
increase  the  response,  especially  when  L/B  is  small. 

(3)  The  effects  of  all  ship  proportions  on  the  maximum 
vertical  vibration  bending  moment  can  be  obtained  from 
Figure  46  and  the  following  simple  relations 


BMV  -  0.004  (A  ♦  A’)  L  u, 
A '  -  0.0097143  CbB’L 


(17) 


For  any  ship  with  given  proportions  the  two-node  fre¬ 
quency  can  be  obtained  from  Figure  46.  With  u»i,  the 
maximum  vertical  vibration  bending  moment  can  be  cal¬ 
culated  from  the  above  equation. 

The  maximum  vertical  bending  moment  was  calculated 
for  a  significant  ocean  wave  height  of  25  feet  and  20.5 
feet  for  the  Great  Lakes 


(4)  The  above  equations  indicate  that  the  bending  moment  is 
proportional  to  displacement,  added  displacement  due  to 
the  water,  block  coefficient,  square  of  the  beam,  square 
of  the  length,  and  the  two-node  frequency. 

(5)  Since  the  hull  flexibility  is  inversely  proportional  to 
the  frequency,  the  bending  moment  for  a  given  ship  and 
loading  condition  decreases  with  increase  in  flexibility. 

(6)  Of  particular  Interest  are  the  results  obtained  for  the 
Great  Lakes  ore  carrier  STEWART  J.  CORT  given  in  Figures  5 
through  7.  Results  show  that  responses  for  the  springing 
condition  for  a  5  foot -high  significant  wave  can  be  higher 
than  the  responses  for  the  ship  on  a  20  foot -nigh  sig¬ 
nificant  wave. 
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8.0  CONCLUSIONS.  APPLICATIONS.  AND  RECOMMENDATIONS 


8 . 1  Cone lus tons 

From  the  previous  discussions  and  the  results  of  the  vibration 
calculations  for  the  four  ship  types,  the  following  conclusions  can 

be  made: 

8.1.1  Hull  Flexibility  -  In  the  past, many  shipboard  vibration 
problems  have  been  attributed  to  the  trend  toward  increasing  hull 
flexibility.  For  this  reason, it  followed  that  a  criterion  for  a 
limit  to  hull  flexibi 1 lty  was  needed .  However,  from  the  results 
shown  in  Figure  1  and  46,  it  can  be  concluded  that  a  specific  limit 
to  hull  flexibility,  with  particular  respect  to  total  bending 
moment,  may  not  be  necessary  for  the  following  reasons: 

(1)  Even  though  the  calculations  and  results  reported  herein 
are  subject  to  the  limitations  discussed  earlier,  the 
relation  showing  the  bending  moment  for  a  given  ship  and 
loading  condition  decreasing  with  increase  in  hull  flexi¬ 
bility  is  valid  (Figure  1).  Obviously,  a  completely  flexi¬ 
ble  ship  in  waves  cannot  be  subjected  to  any  bending  mo¬ 
ment.  For  example,  naval  architects  have  seriously  pro¬ 
posed  hinged  ships,  to  reduce  bending  moment  by  increas¬ 
ing  hull  flexibility. 

(2)  Almost  all  shipboard  vibration  problems  are  local  pro¬ 
blems.  The  following  are  often  mentioned  examples: 

Propulsion  system  problems  occur  because  of  hull 
flexibility  and  corresponding  hul 1 -shaft ing-bearing 
system  interactions.  The  ship  hull  must  provide  a 
foundation  stiff  enough  for  the  shafting  system  and 
machinery.  This  problem  can  be  solved  by  reinforcing 
the  portion  of  hull  involved.  Machinery  compartments 
of  large  vessels  are  generally  located  well  aft.  In 
these  cases,  the  after  one-fourth  or  one-fifth  of  the 
hull  length  can  be  reinforced  to  the  desirable  degree. 
This  only  affects  the  hull  flexibility  slightly.  In 
this  case, a  very  flexible  hull,  with  proper  support 
of  the  machinery  and  shafting  system,  can  still  be 
acceptable . 

For  special  ships  such  as  LNG  carriers,  hull  deforma¬ 
tions  can  cause  problems  in  way  of  LNG  containment. 

The  degree  of  flexibility  that  can  be  tolerated 
generally,  or  locally,  depends  upon  the  nature  of  the 
containment  system,  including  the  choice  of  indepen¬ 
dent  tank  versus  integrated  containment  systems. 


•  Hull  Flexibility  can  be  a  cause  of  hull  vibrations 

which  cause  habitability  problems  in  personnel  spaces. 
Again  this  is  a  local  problem  which  can  be  solved 
locally  and  is  not  necessarily  related  to  hull  flexi¬ 
bility. 

(3)  Within  the  accuracy  of  the  existing  ship  vibration  and 
seakeeping  theories,  the  vertical  bending  moment  seems 
to  be  decreasing  with  decrease  in  the  ship  hull  two-node 
frequency.  This  implies  that  bending  moment  decreases 
with  increase  in  hull  flexibility  when  springing  is  not 
a  factor. 

8.1.2  Methodology  -  The  ship  motion  and  ship  vibration  problem  is 
essentially  a  hydroelastic  problem.  The  existing  methods  based  on 
combining  rigid-ship  seakeeping  theories  and  f lexib le- ship  vibra¬ 
tion  theories  may  lead  to  unacceptable  errors  for  flexible  ships, 
which  is  the  general  case.  With  rigid  hull  girders,  the  vibration 
problem  reduces  to  allow  use  of  the  existing  seakeeping  theories 

Because  of  the  uncertainties  in  the  damping  and  the  forward- 
speed  effects,  and  the  hydroelastic  effects  on  the  ship  response, 
the  existing  methods  of  analysis,  including  the  one  used  in  this 
study,  are  not  adequate  for  springing  calculations. 

8.1.3  Seakeeping  Theories 

(1)  The  assumption  of  rigid-ship  hulls  inherent  in  all 
existing  seakeeping  theories  is  not  valid  for  large  ships 
because  of  the  effects  of  the  hull  flexibility. 

(2)  Even  for  relatively  small,  stiff  ships  the  existing  sea¬ 
keeping  theories  do  not  properly  account  for  the  forward- 
speed  effects  and  the  hydrodynamic  coefficients  toward 
the  ends  of  the  ship. 

(3)  In  high-energy  waves,  where  the  two-node  frequency  of  the 
ship  is  much  higher  than  the  encounter  frequency,  the  sea¬ 
keeping  theories  tend  to  over  estimate  the  seaway  loads. 

(4)  In  low-energy  waves,  where  the  two-node  frequency  of  the 
ship  is  close  to.  or  coincides  with,  the  encounter  fre¬ 
quency,  the  seakeeping  theories  tend  to  over  estimate  or 
under  estimate  the  sea  loads. 

8.1.4  Vibration  Theories 

(1)  Since  a  hydroelastic  formulation  of  the  vibration  theory 
is  beyond  the  scope  of  this  project,  all  equations  of 
motions  in  this  report  are  tentative  and  should  not  be 
used  directly.  The  complete  set  of  equations  of  motion 
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has  not  been  formulated.  For  this  reason,  the  exact 
expressions  for  the  terms  associated  with  the  forward 
speed  have  not  been  formulated.  At  this  time, it  is  only 
certain  that  some  important  terms  for  forward-speed  effects 
have  been  ignored  in  the  existing  vibration  theories  and 
the  exact  expressions  of  these  terms  have  not  been  estab¬ 
lished  . 

(2)  The  forward-speed  effects  on  the  vibration  response  are 
important.  However,  different  investigators  still  use 
different  terms  for  the  forward-speed  effects.  It  is 
evident  that  many  significant  forward- speed  effects  have 
been  ignored  in  the  existing  ship  vibration  theories. 

(3)  Forward  speed  has  the  following  important  effects  on  the 
vibration  characteristics  of  ships. 

•  Natural  frequencies  of  the  ship  hull. 

•  Linear  damping  of  the  vertical  motion  of  the  ship 
section. 

•  Rotary  damping  of  the  ship  section. 

•  Hydrodynamic  excitation  force  upon  the  ship's  hull. 

Note  that  in  many  existing  ship-vibration  methods  only 
the  effects  on  linear  damping  have  been  considered. 

8.15  Damping  -  The  damping  coefficients  and  added  mass  from  the 
seakeeping  programs  are,  in  general,  quite  accurate  for  most  of  the 
ship's  hull.  However,  this  accuracy  decreases  coward  the  ends. 

Structural  damping  of  ships  is  still  an  unsettled  subject 
because  of  the  lack  of  reliable  data.  Methods  used  for  full-scale 
damping  tests  are  generally  Inadequate. 


8. 2  Applications 


The  major  study  results  that  may  have  future  application  are 
presented  In  Figures  1  and  46.  An  analytical  expression  of  the 
line  shown  in  Figure  1  is  given  in  Equation  (17).  The  line  given 
in  Figure  46  can  be  represented  by  the  expression: 
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where 

I  -  moment  of  inertia  of  the  ship  in  ft* 
A  “  displacement,  long  tons 
L  “  LBP,  feet 
B  -  breadth,  feet 
D  -  depth,  feet 
T  -  draft,  feet 
ui  ■  two-node  frequency 


The  effects  of  varying  ship  proportions  can  be  evaluated  by 
using  Equations  (17)  and  (18),  as  illustrated  in  the  following 
example 

The  tanker  UNIVERSE  IRELAND  has  been  selected  for  this 
example  calculation  since  some  experimental  and  calculated 
vibration  data  has  been  published  in  Reference  20. 

The  UNIVERSE  IRELAND  is  a  326.000  DWT  tank  vessel  with  the 
following  principal  characteristics: 


LBP 

1075.94’ 

B 

174.83’ 

D 

104.99' 

T 

81.417* 

CB 

0.86 

A 

375.811  long  tons 

I 

216.483  ft* 

8.2.1  Estimation  of  Two-Node  Frequency  -  The  two-node  frequency 
can  be  estimated  by  substituting  the  ship  proportions  into  Equation 
(18).  From  Equation  (18)  we  have: 


The  value  _u  calculated  by  the  American  Bureau  of  Shipping 
is  3.09  rad/sec  for  the  full-load  condition  (Reference  20).  The 
difference  is  about  77..  Since  the  ABS  computer  program  has  been 
validated  by  many  full-scale  measurements,  the  value  of  3.09  rad/ sec 
should  be  accepted  as  quite  accurate 

8.2.2  Effect  of  Breadth  Variation  -  To  evaluate  the  effect  of 
varying  ship  breadth,  all  parameters  with  the  exception  of  draft 
were  held  constant  in  this  example  The  draft  was  allowed  to 
change  to  maintain  displacement  constant.  In  such  a  case 
Equation  (18)  reduces  to 


4 . 6881 5 

w  i  “  —  1  —  —  . — -  - - - - 1" 

y  (1  +  3 .  51267B*’  *  10*')  (0.943694  >  0.0019505B) 

If  now  breadth  is  increased  from  174.83'  to  200',  the  wj  value 
becomes 

uj  i  -  2.61754  rad/sec 

This  value  of  the  two-node  frequency  is  less  than  the  2.872  rad/ sec 
calculated  for  the  1 74 . 83 ' breadth  ship.  Accordingly,  the  wider 
ship  is  more  flexible. 

Variation  in  other  ship  parameters  such  as  length,  depth,  draft 
and  displacement  can  be  evaluated  in  a  similar  manner  using  Equa¬ 
tion  (18)  . 

8.2.3  Effect  of  Material  Changes  -  If  high-strength  steel  is  used, 
the  classification  societies  usually  allow  certain  reductions  in 
the  section  modulus.  If  all  other  ship  parameters  are  held  constant, 
the  effect  on  hull  flexibility  can  be  readily  calculated. 

It  is  assumed  that  the  original  deck  and  bottom  plating  of 
the  tanker  was  constructed  of  mild  steel.  If  a  high-strength  steel 
with  <jy  -  34,000  psi,  ou  -  66,000  psi  was  substituted  for  the 
bottom  and  deck  plating,  then  the  section  modulus  can  be  reduced  to 

SMhts  (34000  +  440007  SM 
-  0.908974  SM 
From  Equation  (18)  we  have 


ui  ,hts  *  0. 95340  u> i 
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For  other  materials  or  considerations  of  materials,  the  method 
of  equivalent  moment  of  inertia  is  given  in  Section  4.6.  Following 
the  calculation  of  the  equivalent  moment  of  inertia,  Equation  (18) 
should  be  used  to  obtain  the  two-node  frequency. 

8.2.4  Estimation  of  Total  Vertical  Bending  Moment  -  The  maximum 
vertical  bending  moment  that  a  ship  may  encounter  can  be  calcu¬ 
lated  by  using  Equation  (17)  or  Figure  1.  For  the  example  tanker 

A*  -  274,745 

BM  -  0.004  *  650556  *  2.8724  *  1075.94 
v 

-  8,042,251  ft-ton 

The  above  bending  moment  appears  to  be  excessive.  However, 
as  Indicated  throughout  this  report  ,  the  bending  moment  predicted 
by  Equation  (17)  or  Figure  1  may  be  too  conservative  because  of 
the  many  uncertainties  involved  in  the  existing  theory.  The 
development  of  a  more  accurate  theory  as  recommended  in  Section 
8.3,  would  result  in  appropriate  modification  of  Equation  (17). 

8 . 3  Recommendations 

The  scope  of  the  study  report  herein  was  necessarily  limited. 
Accordingly,  the  following  specific  areas  of  investigation  are 
recormended  for  future  studies: 

8.3.1  Development  of  a  Computer  Program  Based  on  a  Hydroelastic 
Formulation  -  All  elements  for  the  development  of  a  computer  pro¬ 
gram  for  study  of  ship  vibrations  based  on  a  hydroelastic  formu¬ 
lation  are  available  The  potential  benefits  to  be  derived  by 
such  a  program  include  the  following: 

(1)  The  computer  program  could  be  used  to  evaluate  the 
various  methods  available  for  investigating  the  effects 
of  forward  speed  on  natural  frequencies,  damping,  and 
the  excitation  force  on  the  ship.  The  best  method 
could  then  be  selected  for  future  use. 

(2)  The  program  could  be  used  to  determine  the  error  intro¬ 
duced  by  rigid-body  seakeeping  theories. 

(3)  Damping  experiments  should  be  guided  by  theory,  and 
availability  of  a  more  accurate  vibration  theory  will 
improve  results.  For  example,  existence  of  such  a 
theory  would  permit  the  isolation  and  verification  of 
the  components  of  damping  forces. 

(4)  The  computer  program  could  be  used  to  verify  the  re¬ 
lations  given  in  Figures  1  and  45. 
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8.3.2  Generalization  of  the  Analytical  Approach  to  Hull 
Flexibility  -  For  the  purpose  of  this  study,  four  specific  ships 
were  selected  for  analysis.  The  ship  vibration  problem  is  com¬ 
plex  and  the  vibration  analysis  is  costly.  In  order  to  properly 
determine  the  general  relationships  between  ship  proportions  and 
vibration  responses,  within  reasonable  limits  of  time  and  budget, 
the  following  approach  is  recommended  for  future  studies: 

(1)  All  structural  and  hydrodynamic  coefficients  in  the 
equations  of  motions  should  be  treated  as  functions  of 
ship  proportions  in  appropriate  expressions  rather  then 
as  simple  numerical  values. 

(2)  By  defining  the  hull  geometry  bv  simple  but  realistic 
mathematical  expressions,  the  solution  for  vibration 
response  could  be  expressed  in  terms  of  the  ship  pro¬ 
port  ions . 
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